Meprins are metalloproteinases of the astacin family and metzincin superfamily that are composed of evolutionarily related ␣ and ␤ subunits, which exist as homo-and hetero-oligomeric complexes. These complexes are abundant at the brush border membranes of kidney proximal tubule cells and epithelial cells of the intestine, and are also expressed in certain leucocytes and cancer cells. Meprins cleave bioactive peptides such as gastrin, cholecystokinin and parathyroid hormone, cytokines such as osteopontin and monocyte chemotactic peptide-1, as well as proteins such as gelatin, collagen IV, fibronectin and casein. Database predictions and initial data indicate that meprins are also capable of shedding proteins, including itself, from the cell surface. Membrane-bound meprin subunits are composed of dimeric meprin ␤ subunits or tetrameric hetero-oligomeric ␣␤ complexes of approx. 200-400 kDa, and can be activated at the cell surface; secreted forms of homo-oligomeric meprin ␣ are zymogens that form high-molecular-mass complexes of 1-6 MDa. These are among the largest extracellular proteases identified thus far. The latent (self-associating) homooligomeric complexes can move through extracellular spaces in a non-destructive manner, and deliver a concentrated form of the metalloproteinase to sites that have activating proteases, such as sites of inflammation, infection or cancerous growth. Meprins provide examples of novel ways of concentrating proteolytic activity at the cell surface and in the extracellular milieu, which may be critical to proteolytic function.
Introduction
Meprins are thought to play crucial roles in development, as well as in physiological and pathological processes in mature mammals [1] [2] [3] . These proteases are highly regulated at the transcriptional and post-translational levels [4, 5] . They are tissue-specific and, like most proteases, are synthesized as zymogens [4, 6] . The unique structures of meprins have revealed novel mechanisms to concentrate proteolytic potential both at the cell surface and in extracellular spaces. It has been known for a long time that brush border membranes of the kidney proximal tubule and intestine express meprins abundantly ( Figure 1 ) [8] . Meprins are evenly distributed on the luminal surface of the microvilli and in apical invaginations, and comprise approx. 5% of brush border membrane protein [7] . Meprins in the plasma membrane form dimers and tetramers, and associate with other proteases to provide a rich proteolytic environment [9, 10] . Recent work has revealed that secreted forms of meprins autocompartmentalize their enzymic activities by self-associating into complexes with masses greater than 1 MDa, and thereby concentrate proteolytic activity [10, 11] . Thus both the secreted and membrane-bound forms of meprins exist in concentrated proteolytic complexes, albeit by different mechanisms. The membrane-bound forms are restricted to action at the cell surface. If the secreted forms were active, the high concentration of proteolytic activity could have deleterious effects, as it is known that soluble forms of meprins can be toxic to cells [12] . However, the secreted forms are inactive, and travel through extracelluar spaces in a non-destructive mode. It is only when they encounter trypsin-like proteases (such as plasmin) that they are activated, and they then can unleash relatively non-specific proteolytic activity to destroy large protein complexes, toxins and other proteinaceous matter [13] . This review will focus on substrates and structure of the meprins.
Substrates, inhibitors and specificity
A wide variety of meprin substrates have been identified [14, 15] . Both the ␣ and ␤ subunits hydrolyse peptides and proteins, and both prefer peptides larger than six amino acids. Examples of substrates hydrolysed by the meprin ␣ subunit are angiotensin (I, II and III), azocasein, bombesin, bradykinin, cerulein, cholecystokinin, fibronectin, gelatin, glucagon, gastrin-releasing peptide (GRP), insulin B chain, luliberin, monocyte chemotactic protein-1, melanocyte-stimulating hormone, neuropeptide Y, neurotensin, parathyroid hormone, secretin, substance P, valosin and vasoactive intestinal peptide. Meprin ␤ subunits cleave some of the same substrates as meprin ␣ (such as azocasein, cerulein, cholecystokinin, fibronectin, gelatin, glucagon, GRP, insulin B chain, neuropeptide Y and secretin), but also hydrolyse substrates such as kinetensin, orcokinin, osteopontin and peptide YY. In addition to the above substrates, hetero-oligomeric meprins (containing ␣ and ␤ subunits that are both active) hydrolyse atrial natriuretic peptide, big endothelin 1, collagen IV, cGMP-dependent protein kinase, epidermal growth factor (EGF) receptor, endothelin 1, insulin receptor, lysozyme, protein kinase A and transforming growth factor ␣. We have found that gastrointestinal peptides (GRP, gastrin) are among the best substrates identified, consistent with our view that meprins have special functions in the intestine.
Detailed comparisons have revealed that mouse, rat and human meprin ␣ enzymes have differences in substrate specificity (Table 1) . For example, while GRP, glucagon and parathyroid hormone are excellent substrates for meprin ␣ from all three species, neurotensin and secretin are much better substrates for rat meprin ␣ than for human or mouse meprin ␣.
Meprins are inhibited by zinc-chelating reagents (EDTA, o-phenanthroline), but there are no known naturally occurring inhibitors in mammals [14] . For example, tissue inhibitor of metalloproteinases-1 (TIMP-1) does not inhibit meprins. In addition, meprins are not inhibited by several other metalloproteinase inhibitors, such as phosphoramidon and captopril. Actinonin and Pro-Leu-Gly-(NHOH), two inhibitors of meprins that contain a hydroxamate moiety, interact with zinc in the active site. Actinonin is a naturally occurring hydroxamate with a bulky pentyl moiety at position P1Ј, and competitively inhibits mouse meprin A (multimer of ␣ and ␤ subunits) and meprin B (dimer of ␤ subunits) with IC 50 values of 100 and 400 nM respectively [15] . Crayfish astacin, a homologue of meprin, has been crystallized with Pro-Leu-Gly-(NHOH), and the Pro, Leu and Gly amino acids interact at positions S3, S2 and S1 respectively [16] . Overlay of the astacin crystal structure and the meprin homology model predicts a similar placement of the inhibitor in the meprin active site. This inhibitor binds less efficiently than actinonin to meprin ␣ and ␤, with IC 50 values of 30 and 50 M respectively [15] . Actinonin has been used to elucidate the role of meprins in hypoxic/ischaemic acute renal tubular injury [12] .
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Meprin ␣ and ␤ subunits have marked differences in peptide bond specificity ( Figure 2) [15]. Peptide library data revealed that meprin ␤ strongly prefers acidic residues (especially Asp) in the P1Ј position, while meprin ␣ prefers small or aromatic amino acids (e.g. Ser, Phe, Ala, Gly) in the P1Ј position and Pro in P2Ј. The pH optima of the meprin ␣ and ␤ subunits also differ: meprin ␣ subunits have optimal activity at neutral or basic pH values, while meprin ␤ subunits have optimal activity at acidic pH values (~5) [17] .
Database searches for good meprin substrates based on peptide library data revealed that meprins have the potential ability to shed membrane-bound meprins from the cell surface ( Figure 3 ) [18] . The meprin ␤ subunit was predicted to be released from the membrane, due to cleavage N-terminal to the transmembrane domain near the C-terminus of the meprin ␤ TRAF (tumour necrosis factor receptor-associated factor) domain, by both meprin ␣ and ␤ activities. A secreted His-tagged form of meprin ␤, containing the putative cleavage site but truncated after the EGF domain, was expressed in HEK 293 cells, purified, and used to investigate the hydrolysis. The secreted His-tagged meprin ␤ was incubated with activated meprins, and Western blots were performed using antibodies to the His tag. The treatments resulted in the complete disappearance of bands, indicating removal of the C-terminal His tag, while Western blots using anti-(meprin ␣) antibody indicated that only the C-terminus was removed. The presence of the meprin inhibitor actinonin prevented the loss of His-tag band intensity, indicating that the loss of the tag was due to meprin proteolytic activity. N-terminal sequence analysis of treated meprin ␤ demonstrated that the N-terminus was intact and thus that all hydrolysis occurred at the C-terminus. These results show that both meprins ␣ and ␤ are capable of hydrolysing meprin ␤ near the secreted C-terminus and are potentially involved in a novel self-shedding process. 
Oligomerization of meprins
Meprins are multidomain, oligomeric glycoproteins (Figures 4 and 5 ) [19, 20] . The oligosaccharides are essential for secretion and enzymic activity [20] . The domain structures deduced from the cDNAs of meprin ␣ and ␤ are very similar (Figure 4 ). Both subunits are synthesized with signal and pro-sequences, which respectively direct the protein to the secretory pathway in the endoplasmic reticulum and keep the protein latent. C-terminal to the catalytic domain are adhesion or interaction domains [MAM (meprin, A5 protein and protein tyrosine phosphatase ) and TRAF]. These domains are essential to the biosynthesis of activatable, stable proteins and to the interactions between subunits [19] . Both subunits are also synthesized with EGF, transmembrane and short cytoplasmic domains. The major difference between the domain structures is the Meprin proteolytic complexes 57 presence of a 56-amino-acid sequence, the I domain, in meprin ␣. The I domain is essential and sufficient for the C-terminal proteolytic cleavage of meprin ␣ in the lumen of the endoplasmic reticulum [21] . If the I domain is deleted from meprin ␣, the subunit remains membrane-bound. If the I domain is added to the meprin ␤ subunit between the TRAF and EGF domains, by site-directed mutagenesis, then the ␤ subunit is released from the membrane.
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Figure 3 Predicted hydrolysis of meprin ␤ and potential role of meprins in shedding.
A secreted form of His-tagged meprin ␤, which is truncated at the end of the EGF domain, is shown at the top. The amino acid sequence of meprin ␤ corresponding to the C-terminal portion of the TRAF domain and the N-terminal portion of the EGF domain (E) is also displayed. The amino acid sequence in rat meprin ␤ underlined in black corresponds to a region required for shedding in human meprin ␤; arrows denote the predicted hydrolysis sites for meprin ␣ (black) and meprin ␤ (grey) [18] . The size of the arrowhead corresponds to the strength of the prediction for hydrolysis. Pro, propeptide. The MAM domain is essential for oligomerization of meprins, in that the intersubunit S-S bridges of the dimers reside in this domain, and without these disulphide bridges higher-order oligomerization does not occur [22, 23] . The MAM domain was identified, based on the identity of meprin with A5 protein and protein tyrosine phosphatase , as an adhesive domain [24] . MAM domains generally contain approx. 170 amino acids, including four conserved cysteine residues. Meprin MAM domains contain a fifth cysteine residue that is responsible for intersubunit disulphide-linked homo-and hetero-dimerization [22, 23] . This domain was also found to contribute to non-covalent interactions of meprin ␣ subunits in cross-linking studies [11] . Truncation, deletion and sitedirected mutagenesis studies revealed that the MAM domain is critical for biosynthesis, structural stability and proteolytic activity [19, 20] . Deletion of the MAM domain of meprin ␣ resulted in reverse transport of meprin transcripts into the cytosol and proteolytic degradation of the protein by the proteasome [25] . MAM domains have also been identified in other proteins, such as zonadhesin, neuropilins 1 and 2, enterokinase, and two other astacin family members, a Hydra metalloproteinase and a squid metalloproteinase [24, 26, 27] .
Until recently, the meprin TRAF domain was considered to be divided into two domains, MATH ('meprin and TRAF homology') and AM ('After MATH'). However, a recent study convincingly demonstrated that the meprin MATH and AM domains are part of TRAF domains that have been found in a large number of diverse proteins [28] . These domains are generally associated with intracellular adapter proteins, and were first identified for their binding to tumour necrosis factor family receptors. The TRAF domains are homo-and hetero-philic interaction domains that are found in proteins that are particularly prevalent in processes such as signal transduction and apoptosis [29] . The meprins are the only known TRAF-containing proteins that exist outside cells. Meprin TRAFs are required for the biosynthesis of an activatable protease [19] . These domains may be especially important for the homo-and hetero-typic interactions at the cell surface and extracelluarly. All forms of meprins contain disulphide-linked dimers ( Figure 5 ). The meprin ␣ and ␤ dimers differ in their propensity to form higher-order multimers. Homo-oligomeric meprin ␣ dimers form large secreted multimers containing a heterogeneous mixture of high-molecular-mass complexes containing 12-100 subunits and with molecular masses of approx. 900 kDa to 6.0 MDa. For rat meprins, latent meprins form the largest multimers; removal of the prosequence results in smaller oligomers of 12-16 subunits [10] . Multimer formation determined by size-exclusion chromatography light scattering was shown to be a dynamic process dependent upon the activation state, protein concentration and ionic concentration. Electron microscopy revealed that meprin ␣ subunits form rings, crescents and barrel-shaped complexes, reminiscent of the proteasome ( Figure 6) ; the difference in the size of the latent and active meprin ␣ complexes in Figures 6(a) and 6(b) is not obvious from the small dilute samples of the electron micrographs (see [10] ). The barrels or tube shapes measured 30-40 nm in length, and contained a large central cavity.
The dynamic oligomerization of meprins potentially serves several roles. The formation of hetero-oligomers allows meprin ␣ to remain membranebound through the ␤ subunit. This not only allows meprin ␣ hydrolytic activity to exist at the membrane, but also decreases the amount of secreted meprin ␣ and subsequent activity. Oligomerization of meprin ␣ with meprin ␤ also limits the oligomeric state of meprin. Hetero-oligomeric forms of meprin are predominantly tetramers. The large homo-oligomeric meprin ␣ complexes are seen in vivo in both mouse and rat urine [10, 30] . Meprins exist in the high micromolar concentration range on the kidney brush border membrane, thus creating a very concentrated and localized proteolytic centre [7] .
A diagrammatic summary of the membrane and secreted forms of meprins is shown in Figure 7 . Secreted meprin multimers are thought to create concentrated centres of proteolytic activity away from the membrane. Although activated meprin ␣ forms large multimers (12-20 subunits), these oligomers are smaller than the latent forms. This oligomerization difference indicates that meprin activation and multimerization are coupled and regulated through an as 
